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NATIONAL ESTIMATES OF BLOOD LEAD LEVELS: UNITED STATES, 1976-1980

Association with Selected Demographic and Socioeconomic Factors

KATHRYN R. MAHAFFEY, Pu.D., Josepu L. AnnesT, Pir.D., Jean RoBerts, M.S,,
AND RoBEeRT §. MurpPHY, M.S.P.H.

Abstract Data from the second National Health and Nu-
trition Examination Survey showed that 22 per cent of per-
sons six months through 74 years old had blood lead levels
under 10 ug per deciliter; 1.9 per cent had elevated levels
(=30 ug per deciliter {=1.45 pmol per liter)). Among chil-
dren six months through five years oid the prevalence of
elevaied levels was significantly higher (4 per cem) than
previously predicted on the basis of fewer data. The preva-
lence of elevated lead levels was 12.2 per cent in black
children and 2.0 per cent in white children. Mean leveis of

UNDUE exposurc to lcad and lead toxicity, par-
ticularly among young children, have remained
public-health problems for decades.!'? During the
1970s several revisions were made in designating the
level of blood lead deemed important in programs de¢-
signed for the screening, diagnosis, treatment, and lol-
low-up of children with undue lead absorption and
lead poisoning.’”* These changes in diagnostic criteria
reflected an increased awareness of the extent 1o which
health can be affected by Icad exposure. Previous csti-
mates of the prevalence of undue lead absorption
among high-risk pediatric age groups ranged from
gréater than 40 per cent in some cities® during the mid-
1960s to approximately 5 per cent as reported to the
Eenters for Discase Control during the first six months
of fiscal year 1981 by participating community pro-
grams for the prevention of childhoud lcad poisoning.’
Because of interest in the general population, blood
lead concentrations were determined in a nationally
representative sample of persons examined in the sec-
ond National Health and Nutritior Examination Sur-
vey (NHANES I1). The purposes of our rcport arc to
present descriptive data on blood lead levels in the
United Stiates population as a whole and to determine
the association of blood lead levels in the population
(including concentrations over 30 ug per deciliter
(1.45 wmol per liter]) with specific socioeconomic and
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blood lead were higher in blacks than whites among chil-
dren and adults, among young children living in urban and
rural areas, and among members of iow-income, moder-
ate-income, and higher-income families. These racial con-
trasts may reflect different lead exposure or absorption (or
both). Young children from families (both white and black)
whose incomes were under $6,000 had a significantly
higher prevaience of elevated lead leveis than those from
households with incomes of $6,000 or more. (N Engl J
Med. 1982; 307:573-9.)

demographic variables, including annual family in-
come and decgree of urbanization of the place of resi-
dence.

MeTHODS

The NHANES Il Sampie Design

The NHANES 1, conducted between 1976 and 1980, used a
multistage probability design that invoived selection of primary
sampling units, scgments {clusters of houscholds) within these units,
houscholds. eligible persons. and finally sample persons. Primary
sampling units typically were composed of a county or group of
contiguous cuunties. A detailed description of the survey design has
been published.® A total of 27,801 persons from 64 sampling areas
were sclected in the probability sample as represcntative of the
United States civilian population six months through 74 vears old
who were not institutionalized. Certain subgrougs in the population
that were ot special interest for nutntional assessment were over-
sampled: preschonl children (six months 1hrough tive years old),
persons 60 through 74 years old, and the poor (persons living 1n
arcas defined as pour by the United Siates Burcau of the Census lor
the 1970 census).” The United States Bureau of the Census select-
cd the NHANES [l sanple accurding 1o nigurous specifications
from the National Center tor Health Staustics so that the proba-
bility of selection for each person in the sample could be deter-
mined.

The staustics presented in this report are population estimates.
‘The laboratory tindings fur each person in the sampie have been
inflated by the reciprocal of selection probabilities, adjusted to ac-
count for persons who were not examined, and stratified afterward
accurding to race, sex, and age, so that the final weighted population
estimates closely approximated the civilian noninstitutionalized
population of the United States as estimated independently by the
United States Bureau of the Census at the midpoint of the survey,
March 1, 1978,

Demographic and Socioeconomic Terms

Age was defined as the subject’s age at the time of the interview.
The medical-examination phase of the study was scheduled from
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one to four weeks after demographic and medical-history informa-
tion were collected through an interview in the houschoid.

Race was recorded as white, black, or “other.” The lasyt category
included Amencan Indians, Chinese. Japanese, and all other races
not white or black. Mexicans were included with whites uniess they
were definitely known to be Amernican Indian or of another race.
Persons of mixed black and other parentage were recorded as black.
Selection of the racial category of a subject was made by the inter-
viewer.

Annxal family income was the total income received during the 12
months before the interview by related persons living in the housc-
hold. Respondents were asked to include income from all sources,
such as wages, salaries, Social Security or retirement benefits, finan-
cial help (rum relatives, rent from property, and similar sources.

Urbasizanon status was the degree ol population density of the place
ol residence, accordiag to the definitions of “urban™ and “rural” for
the 1970 cfmua." The categories used in this report wegp urbanized
areas witltl million,gg more persons, urban arcas wit er than |
million persons, maunl arcas. The second category included ur-
banized arcas and small urban arcas of more than 2500 persons.
Urbanized arcas with | miilion or more inhabitants were divided
into “central cities” and “noa-central cities” within the census defi-
nition of a standard metropolitan statistical area.

Biood Lead Determination

Lead concentrations 1n whole-blood specimens and controt sam-
pies from the NHANES [ were determined by a modified microcup
atomic-absorption method.'* Specamens were analyzed in mf,
the average of the two analyses was used for the statistical analysis.'’
Two_guality-control sysicms were used: “Bench™ quality-control
samples were inserted by the analyst and measured in duplicate in
each analytic run to allow the analyst to make judgments on the day
of analysis, and “blind” quality-contrul sampies were placed in vials,
labeled with false patient-identification numbers, and processed so
that they were indistinguishable from regular NHANES {1 samples.
Details of the quality-control systems have been previously report-
ed.'*'2 At least one blind sample was randomly incorporated with
every 20 NHANES [ samples and analyzed in duplicate.

The standard deviation for the “normal blind™ pool, with 2 mean
of 13.7 ug per deciliter (0.66 pmol per liter), was 2.2 ug per deciliter
(0.11 pmol per liter), and that for the “elcvated blind™ puol, with a
mean of 25.5 ug per deciliter (1.23 umol per liter), was 3.2 ug per
deciliter (0.15 umol per liter). A blind pool with a concentration of
30 pug per deciliter (1.45 umol per liter) or below was used, since all
blood lead values above 30 ug per deciliter from persons tested
during the NHANES 1] were telephoned 10 their physicians for
follow-up. The coeflicients of variauon for the bench guality-control
samples with lead levels of 30 ug per deciliter (1.45 wmal per liter) or
above ranged from 7 10 15 per cent.'?

Statistical Analysis

The statistical methods used to analyze the data took into account
the complex survey design of the NHANES [1.* The standacd errors
of the weighted meaas and the pruportions of persons with elevated
blood icad levels were calculated with the Tavlor series-linearization
method.'® In the analysis of blood lead levels, the population was
divided into three age groups: children six months through five years
old, youths six through 17 years oid, and adults 18 through 74 years
old. Regression analysis was performed within each age group; the
blood lead concencration was used as the dependent variable, and
age was used as a covanate. The eflect of each of the demographic
variables (race, sex, income, and degree of urbanization) on the
blood lead concentration was tested in this analysis after adjustment
for age.

Tests of the hypothesis of no difference in the proportions of undue
lead absorption among different subgroups in the population were
performed with the Grizzie~Starmer-Koch approach to categorical
data analysis.'* This analysis involved 1wo stages: estimation of the
proportions with undue lead absorption for subgroups of interest,
and estimation of an appropriate variance-covanance mairix and
hypothesis testing using categoncal data analysis. ‘The comput-
ing for this analysis involved a combination of two computer
programs'*!*: SURREGR for the first stage of calculations and

GENCAT, a program for generalized chi-square analysis of cate-
gorical data, for the second stage. A detailed discussion of this meth-
od has been published by the Nauonal Cenier for Health Scatistics.'’

Limitations of the Data

Although rigorous quality-control methods were implemented
throughout specimen collection und processing and in data process-
ing to ensure the validity and accuracy of the results reported, the
rcader should be aware of some factors that may have had effects on
the data. The first 13 the degree of imprecision of blood lcad meas-
urements. On the basis of analyses of the quality-control pools, the
cocllicients of variation (i.c., the standard deviations expressed as
percentages of the mean blood lead levels for a given pool) were on
the average 12.0 per cent and 15.0 per cent for pool mean vaiues
above ‘:nd below 30 ug per deciliter {1.45 umol per liter), respec-
tively.

Of the 27,801 persoas, 16,563, including all children six months
through six years old and a half sample of persons seven through 74
years old, were asked to provide blood samples for blood lead meas-
urements. Approximately 39 per cent of these sample persons had
missing lead values because of nonresponse at various stages of the
survey. The percentage of nonresponse was comparable when the
subjects’ race, sex, anaual family income, or degree of urbanization
of residence was considered.'’ However, the rate of nonresponse was
age-dependent. Over half the children six months through five years
old (51 per cent), as compared with 28.6 per cent of youths six
through 17 and 35.7 per cent of aduits (8 through 74, had no biood
lead determinations.

The national estimates presented in the resuits are based on data
ubtained in 9933 NHANES [l subjects whose blood lead levels
ranged from 2.0 10 66.0 ug per deciliter (0.096 10 3.18 umol per liter)
and who received venipuncture. The potential for contamination
during the linger-stick collection process is recognized.'® Statisti-
cal analysis of the unweighted data "' suggesied that inclusion of the
data from linger sucks in this analysis would have introduced bias to
the estimates of mean levels in children. Overall, among children six
months through five years old, the unweighted mean blood lead level
in those receiving finger sticks (108 subjects) was observed to be
approximately 6.0 ug per deciliter (0.29 umol per liter) higher than
that in children receiving venipunctures. This observed mean differ-
cnce was consistent in blacks and whites. In additiun, three subjects
who reccived venipunctures had blood Iead concentrations of >70.0
ug pec deciliter (>3.38 umol per liter). These were extreme cases of
lcad exposure, and the levels were unusually high in the light of the
remaining distributiot of bluod lead levels in the general population.
Because ol the potenual cifects on the vanances ol nativnal esu-
mates, the values obtained by linger stick and thuse in three extreme
cases were excluded from further stages of our analysis.'’

A possible logistic lactor indirectly influencing the blood lead data
was the itineranes of the mobile examination centers. ln order to
miaimize the effects of adverse weather conditions va survey oper-
ations, mobile examination centers were set up in the northernmost
states during the summer and in more southern states during the
winter. The putential effect of seasonality'” on blood lcad levels is
one aspect of the association {or lack of association) between blood
lead levels and selected demographic factors, specitically regional
differences in blood lead concentrations.

RzsuLts

Associstion with Age, Race, and Sex

The mean, median, and S.E.M. of blood icad con-
centrations by age in persons six months through
74 years old are presented in Table |. Mean blood
lead levels by age and race and by age and sex are
shown in Figures | and 2, respectively. To evaluate
the associations of age, race, and sex with blood
lead levels, a statistical analysis was performed (as
in previously described programs'*'®) within three
age groups: young children six months through
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five years old, youths six through 17, and adults 18
through 74.

For children under six, there was no statistically
significant association (a = 0.05) between age and
mean blood Icad level. For children and youths six
through 17, there was a statistically significant rela-
tion between age and mean blood lead concentration
(P<0.001). In general, mean blood lead values de-
clined with increasing age until adolescence (15
through 17 years). Among adults 18 through 74, there
was also a significant trend in blood lead level with age
(P<0.001): Mcan blood lead levels were positively as-
sociated with age until the middle ages (45 through 54
years), with a moderate decline in the older age
groups.

Race and mean blood lead concentrations were sig-
nificantly associated within cach of the three age
groups used for analysis (P<0.001). Data by age for
races other than white and black were not reported,
because further subcategorization resulted in group
sizes judged too small to be reliable estimators for the
general popuiation.

As shown in Figure 1, mean blood lead levels were
consistently higher in blacks than in whites across all
ages. Overall, among children six months through five
years old, blood lead levels in blacks were on the aver-
age 6 ug per deciliter (0.29 umol per liter) higher than
those in whites (Takle 2). In addition, the prevalence
of blood lead conc :ntrations of 230 ug per deciliter
(>1.45 wmol per liter) was much higher among black
preschool children than among white preschool chil-
dren (Table 2).

Among young children, the sex of the subject
was not significantly associated with the mean blood
lead concentration. Among youths six through 17,
the difference in mean blood lcad level between

Table 1. Biood Lead Leveis by Age in All Races in the United
States, 1976-1980.*

AGEGBOUF  LsTiMATED No. or BLooO LEAD MEDIAN BLOVOD
PoPULATION  PrasONs ERAMINED T LevarL g LeAD LEvEl
174 rhousands * ng/d

0.5-2 7.676 759 16.3£0.57 15.0
3-5 9.186 1613 15.940.40 15.0
6-8 10,259 451 13.9£0.47 13.0
9-i1 10,621 n 12.920.39 120
12-14 11,632 443 11.420.32 1o
15-17 12,452 444 12.1£0.38 1.0
18-24 27,448 985 13.120.33 120
25-34 32,7182 1041 13.720.33 13.0
)5-44 23,651 753 14.6x0.36 13.0
45-54 23,032 724 15.3£0.32 14.0
55-64 20,350 1149 14.620.32 14.0
65-74 14,496 . 1g9 14.4£0.2) 110
Totsl 203,554 913 13.920.24 13.0

*Al the midpoist of the sexond Natsonal Heaith und Nutntion Ezssaauwn Survey,
March 1, 1978,
+Suby with vlovd

tMesns £S.EM. To cunven blood lead values 10 micromoles per iar, mulliply by
0.04826.
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Figure 1. Blood Lead Levels by Race and Age in the United States
According to the Second National Heaith and Nutrition Examina-
tion Survey, 1976-1980.

To convert biood iead vaiues 10 micromoles per liter, muttiply by
0.04826.

boys and girls increased progressively with age. For
adults 18 through 74, mean blood lead concentrations
were consistently and significantly higher in men
than in women across all age groupings (P<0.001)
(Fig. 2).

Associations with income and Degree of Urbanization

The associations of the family income and the de-
gree of urbanization with the blood lead levei were
generally consistent across all three broad agc groups
in the population. However, they were most pro-
nounced in children six months through five years old.
Hence, further considerations of blood lcad levels arc
limited to preschool children. Attempts to include
more cross-classifications of these variables resulted in
group sizes judged too small to be reliabie estimators
for the general population. For cxample, although it
would have been of intercst to determince whether the
association between race and blood Icad levet differed
between various degrees of urbanization by income
groups, the number of subjects within such subgroups
was too small,

As the family income increased, the mean blood lead
concentration in young children decreased (Table 3).
Differences between blacks and whites in mcan biood
lead values at all three levels of family income were
significant (P<0.01). There was a significantly higher
prevalcence of persons with blood Icad levels of 30
ug per deciliter (Z1.45 umol per liter) among black
preschool children from low-income familics than
among other preschool children from the same or other
income groups (P<0.01).

Across the three categories of urbanization, the
mean blood lead level in voung children increased with
the degrec of urbanization of the areas where they lived
(Table 3). When differences between urban and rural
groups were ¢xamined separatcly for black and white
children, it was again observed that blacks had signifi-
cantly higher mean blood lead concentrations than
those of whites in large urban, smaller urban, and
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Figure 2. Blood Lead Leveis by Sex and Age in the United States
According (o the Second National Heaith and Nutrition Examina-
: tion Survey, 1976-1980.

To convert blood lead values to micromoles per liter, multiply by
0.04826.

rural arcas (P<0.0l1). Since a large proportion of
urban black children live in the central cities, 1t might
be expccted that the higher blood lead values among
blacks would reflect differences in the degree of urban-
ization of their place of residence. Howecver, the rela-
tively higher mean blood lcad levels in all three urban
or rural groups demonstrated that the observed racial
effects were not simply a reflection of urbanization
status. Further investigation of blood lead levels in
large urban areas rcvealed that the mean values in
black children living in the central cities were 3.9 pg
per deciliter (0.19 umol per liter) and 4.8 ug per deci-
liter (0.23 umol per liter) higher than those in black
children living in non-central cities and rural areas,
respectively (Table 3). These differences were not sig-
nificant. However, within the central cities, the mean
blood Icad levels in black children were significantly
higher than those in white children (P<0.01).

Prevalencs of Elevated Biood Lead Levels among
Young Chiidren

The consistent racial differences in blood lead con-
centrations among children six months through five
years old and the presence of higher blood lcad concen-

trations among those in the low-income groups and
large urban arcas were also found with regard o the
percentage ot children with blood lead levels ot 30 ug
per deciliter (1.45 wmol per liter) or more.  “—

Overall, 12.2 per cent of blacks, as compared with
2.0 per cent of whites, had blood lead values of 30 pg
per deciliter (1.45 umol per liter) or mare. This differ-
cnce was significant for both boys and girls (P<0.01).
The percentage of elevated blood lead levels was
slightly higher among boys than girls, but this differ-
cnce was not significant. There was a significant asso-
ciation between income and race (P<0.01), with a
stronger inverse relation among blacks than among
whites between income and the proportion of children
with clevated blood lead fevels (Tabie 3). According to
the Center for Disease Control’s guidelines for elevat-
cd blood lcad levels (230 ug per deciliter (21.45 umol
per liter]), it is estimated from the NHANES Il data
that almost one fifth (18.5 per cent) of black children
from low-income familics — the group with the high-
est proportion of clevated blood lcad ievels — should
be referred for medical follow-up. Among both whites
and blacks, the percentage of children with elevated
blood Icad levels was lowest in the highest income
group. There was also a significant interaction be-
tween the degree of urbanization and race (P<0.01)
{Table 3). The refation between the percentage of chil-
dren with elevated blood lcad levels and the degree of
urbanization was apparcntly stronger in blacks than in
whites. [n the central citics, the percentage of children
with elcvated blood lead levels was significantly higher
among blacks than among whites (P<0.01). Even in
the smaller urban and rural areas, 10.2 per cent of
black children had elevated blood lcad levels, as com-
pared with fewer than 2.0 per cent among whites. Cau-
tion should be cxercised in the interpretation of racial
differences in rural arcas because of the rciadvely
small number of rural black cbildren examined (42
cascs). - -

Discussion
Biood Lead Leveis in the Population

Data on blood lcad concentrations collected in the
NHANES II provide the first population estimates

Table 2. Biood Lead Levels by Race and Age in the United States, 1976~1980

——

—

RACE AND AGE ESTIMASEO No. or Msan BLooo Mapian BLO0O BLuww Leay LEval (ug/dl)
PosuLaTiON Peasons LesapLavet ¢ LsAD LaveL
Examinep ¥
2 10-1%  26-29  J0-J9 049  30-59  60-69
thousmnds ug/d N dissribusion
White
6mo-2ys 6186 589 15.0£0.56 14.0 16.1 64.1 17.3 22 0.0 0.2 0.0
3-Syr 7453 1287 14.9£0.41 140 13.6 9.4 154 1.6 0.1 00 0.0
Black
6mo-2yr 1164 141 20.9£0.96 19.0 0.3 50.2 34.2 130 1.4 0.5 04
3-Syr 1421 278 20.8£0.5% 20.0 38 s 43.3 8s 1.4 0s 0.0
*£ d p at the mudpoiat of the ssmcond Nutional Heshh sad Nutnuon Examunauon Survey, March §, 1978,
tWith lead determminstions from blood \p b d by >

$Mesns 25.E.M. To convent bloud lesd values 10 mictomoles per kiter, muluply by 0.04826.
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Table 3. Biood Lead Levels in Children Six Months through Five Years Old by Annual Famity income and Degree of Urbaniza-
tion of Place ot Residence in the United States, 1976~1980.

DEMUGRAPHIC VARIABLYE AL Racts * Wts Brack PrEVALENCE UF NLOOD
c Leao Levis > XWug/dl §
ESTIMATED  NO OF BOUD  ESTIMATED  NO.UF BLOOD £y [IMATED NG Ob woow L wHre “ACK §
POPULA- PERSONS Lea0 t POPULA-  PERSONS LEAD § PUPULA.  PERSONS LEAD § NACES ®
TiIoN T EXAMINGD TIONT  LXAMINED TIUN T EXAMINGD
thousands * ug/d thousands * ug/d rhousands ug/dl % of persons examned
Annasl [amily income §
<$6,000 2465 48 200406 1408 256 18.1£0.6 92M? 176 229209 109214 59213 1B.5£3.6
$6.000-14,999 1534 1083 16.24£0.5 6252 437 15.3%0.5 1037 163 20.7£0.6 42207 22205 121219
»$15,000 6428 174 14.1£04 s107 650 13.720.4 502 60 17.2£0.8 1.2£04 0.7£03 28212
Degroe of urbanization
Urban 2 1,000,000 4344 544 18.0£0.5 32 358 16.620.6 1093 172 222208 7.2£0.7 4.0£0.7 15.2%1.5
persons ||
Central cities 1822 286 20.0£0.7 88S 133 174208 8ss 143 231213 11.621.9 4.5£1.9 18.6228
Non-central cities 2519 257 16.5£0.6 20 224 16.2£0.6 38 29 19.2£0.7 3.720.8 38+£08 33xl14°°
Usban < 1,000,000 6891 944 16.5£0.7 5297 99 15.44£0.7 1246 208 203208 1.5206 1.6x04 10.222.4
persons .
Rursi 5627 884 139406 5233 819  13.520.6 245 42 18.3x26 21209 12205 103253

*Includes data {us races aot shown separasely.

tEstimaled at"the mudpusst of the second Nauonsl Health sad Nutrition Exammation Survey, March |, 1978,

tMeans 2S E.M. Tu convent blood leud values (o

per hter,

juded. This had a

per ) was

luply by 0.04826.
§One chuld {a black boy wuh a family income under $6,000. living 1n a rural sres, with a blood lsad level of 76 ug
! le effect on the natonal esimates shown here.

TAU values shown for this vanable reflect ihe exciusion (irom snalyms and tesis lor sigmficance) of chidres n

households that decined 10 report therr iacome.

BA child aot specified a8 Lving in sither & central of a noa-ceatral city was inciuded 1n the calculauion of vuiues

shown for this entry, bul was from the
**Fewer than 50 persons in the sampie cell.

that are descriptive for the United States. Because of
the nature of the samplc design of the NHANES 11,
relatively few other studies are appropriate for com-
rarison. [n interpreting associations between blood
ead levels and the demographic variables identified
in this report, it is essential to recognize that the
NHANES 11 did not include estimates of environmen-
tal Icad exposure. Accordingly, differences in blood
lead levels observed between population groups may
Tcflect different degrees of lead exposure, variation in
lead absorption or in the metabolic responsc to lead, or
a combination of these factors. Blood Icad levels have
been reported in groups of pcople who were of interest
because their lead exposures were unusually high (e.g,
children living near metal smelters®®?') or unusually

low (e.g., inhabitants of nonindustrialized, remote re-
gions’2?*). NHANES 11 data show that a

wide range
of blood lead levels occurs within the general United
States population. Twenty-two per cent of the popula-
tion had blood lead concentrations of <10 ug per
deciliter (<0.48 umol per liter), whereas 1.9 per cent
across all age groups had levels of #30 ug per deci-
liter (=1.45 umol per liter). There were highly sig-
nificant differences in blood lead levels in specific
subpopulations. During the past 50 to 100 years, the
majority of nonindustrial lead toxicity has occurred
among children.!?2* The same pattern is observed —
i.e., NHANES II data indicate that children under six
years old had higher mean blood lead levels than those
of children from six until approximately 15 through 17
years. Through the 1960s, pediatric lead toxicity was
regarded as largely an urban health problem, more or
ess localized to deteriorating areas of central cities

of values shown for cestral and non-ceaursl Gites.

(among many others, see Griggs et al.?*). Blood lcad
levels observed among preschool children living in
these areas were rcported to average 40 to 50 ug
per deciliter (1.93 to 2.41 umol per liter).® In the
NHANES 11, blood lead levels in black preschool chil-
dren living in urban areas with | million or more in-
habitants averaged 22.9 ug per dcciliter (1.10 umol
per liter). Among whitcs from a comparable subpopu-
lation, the mean blood lcad concentration was 18.1 ug
per deciliter (0.87 umol per liter). <

Specific rural populations werc recdgnized as being
at risk for excessive exposure to lead. Under circum-
stances involving an important source of lcad emis-
sions, such as a smelter, the observed blood lead con-
centrations can be greatly clevated. Landrigan et al.*!
found that 53 per cent of one to four-year-old children
living within 1.6 km of a smelter in Kellogg, Idaho,
had blood lead concentrations of 40 to 59 ug per deci-
liter (1.93 to 2.85 pumol per liter). Even if such severe
lead contamination is aot present, specific subgroups
of rural populations are at greater risk for elevated
blood lead levels. For example, Perrin and Merkens
reported that the prevalence of blood lead concentra-
tions of 230 ug per deciliter (#1.45 umol per liter)
was approximately 2.5 times higher in 12-month-old to
five-year-old children of migrant farm workers than in
children of nonmigrant workers from an economical-
ly similar group living in the same rural area.?®
NHANES [ data indicated that in the general popu-
lation, blond lead values were highest among urban
dwellers, especially those living in central cities, and
became progressively lower as the degree of urbaniza-
tion declined.



Perhaps the most striking observation from the

NHANES 11 data was that blood | s were con-

%mmwumw this
ditterence was found in children and adults, in rura)
residents and urban dwellers, and in families with low,
moderate, and high j No clear-cut reason for
the consistently higher mean blood lead concentra-
tions observed among black children can be concluded
from the results of this study; however, these results
support the findings of other studies with regard to this
racial difference. In a report summarizing data ob-
tained in New York City programs for the prevention
of childhood lead poisoning between 1970 and 1976,
Billick et al. observed that among preschool children
blacks had higher blood lead levels than whites.?’
Other reports of higher blood lead levels among blacks
have been published?®?%; however, the groups con-
trasted were different geographically and possibly eco-
nomically, so that differences in blood lead levels could
not be attributed to race alone.

In this study and others,*®3* men have been found
to have higher blood lead concentrations than thosc of
women. Some of this difference appears to have been
associated with a higher potential for occupational ex-
posure of men to lead. This sex-rclated difference was
similar among white and black persons.

Concems over the Prevalence of Elevated Blood Lead Levels

In estimating the prevalence of clevated blood lead
levels in the pediatric population from NHANES 11
data, the %M_ﬁgﬂdﬁdﬂg (1.45 umol per
liter) of whole blood, established by the Centers for
Disease Control in 1978,% has been used. If this con-
centration occurs i combination with an crythrocyte

opor in concentratio er deci-
liter (0.9 to 4.4 umol per liter) of whole blood, the child
is thought to have undue lead absorption. Lead poi-
soning was defined by the Centers for Disease Control®
with particular combinations of blood lead concentra-
tions and degrees of clevation of the erythrocyte proto-
porphyrin level. However, lcad poisoning was defined
by blood lead slone if a whole-blood lead concentra-
tion of 270 ug per deciliter (#3.38 umol per liter) was
confirmed. Commumty-based lead-poisoning-preven-
tion programs, analyzing venous-blood samples for
both erythrocyte protoporphyrin and iead, report that
approximately 75 per cent of childrcn with blood lead
levels of 30 ug per deciliter (=1.45 umol per liter)
also have erythrocyte protoporphyrin values of *50
ug per deciliter (0.9 umol per liter) (Houk V: un-
published data). Erythrocyte protoporphyrin levels
were measured in subjects of the NHANES I, but
these data were not available at the time ot this report.
Although very few persons tested in the NHANES [1
had blood lead levels in excess of 70 ug per deciliter
(3.38 umol per liter), an estimated ¢ per cent of United
States children six months through five years old (ap-
proximately 675,000) have eclevated blood lead levels
(30 pg per deciliter and <70 ug per deciliter (1.45
pmol per liter and <3.38 umol per liter]). The same

groups who have higher mean blood lead levels also
have a higher prevalence of elevated blood levels: pre-
school children from low-income families living in
highly urbanized areas, especially central cities, wuh

the prevalence highest among blacks. Overall blac
six months

prevalence of clevated blood lead levels than whites .
(3.8 times grealcr in hlghly urbanized areas and 7.3
times higher in smaller urban and rural areas). Among
whites and blacks, preschool children from families
with annual incomes under $6,000 had a significantly
higher prevalence of elevated blood lead levels than
that of children from families whose incomes were over
$6,000 (3.9 times greater for whites and 2.0 times
greater for blacks).

The upper limit of normal blood lead has been re-
vised downward as new data have identified biochem-
ical or functional changes at lower levels of blood lead.
A growing body of knowledge indicates that lower lev-
cls of lead exposure than those previously recognized

are expressed in el_tm.ncumgmchplnm&l&mm“
nce deficits. 23433 Specifically, Needle-

and mtclhgc
man ct al.?* identified

quotients (especially verbal mtclhgence quotients), rg-
duced auditory or speech processing, and aticntion

deficits among children with higher dentine lead, as
comparcd with those who had lower dentine lead. Yule
et al.,* in a study of 166 children whose blood lcad
lcvcls ranged from 7 to 33 ug per deciliter (0.33 to 1.59
pmol per liter), reported decreases in attainment
scores on tests of reading, speiling, and intelligence,
but not mathematics, as blood lead levels increased.
Some (but not all) of this variability was removed after
the social class of the subject’s family was considered.
At least six prospective studies are under way in sever-
al countrics to determine the extent of influence of lcad
exposure on the development and function of the cen-
tral nervous system in children..”

Heme synthésis is impaired among children with
blood lead levels of <30 ug per deciliter (<1.45 umol
per liter).*® Numerous other metabolic changes associ-
ated with low-level lcad exposure have been identified.
For example, in children, plasma levels of 1,25-dihy-
droxyvitamin D (the vitamin D metabolite that is ac-
tive in stimulating gastrointestinal absorption of cal-
cium and phosghorus) decrcased as the blood lead
level incrcased.”” A strong negative correlation be-
tween plasma 1,25-dihydroxyvitamin D and blood
lead concentrations of 12 to 120 ug per dcciliter (0.58
to 5.79 umol per litcr) occurred, with no difference in
the slope of the regression linc for blood lead levels over
or under 30 ug per deciliter (1.45 pmol per liter).’®

Contrast with High-Risk Groups

The screening methods used and populations sur-
veyed in the NES I1 and in the com ity-bascd

cad-poisoning-preventio rams were inherentl
itlerent. Theretore, estimates of the prevalence of cle-

vated blood lead levels in children from these pro-

grams are not expected to be directly comparable. ln-J



stead, the NHANES II was designed to provide data
on the distribution of blood lead levels for assessing the
" relative risks of exposure to lead in selected subgroups
Lof the population. [t is known that a large number of
children with lead toxicity are included in previously
idencified high-risk groups. During a six-month period
{October 1, 1980, to March 31, 1981) 59 programs for
the prevention of childhood Icad poisoning identified
10,492 cases of lead toxicity.” Clinical management
was rcquired in 6060 children who were at urgent and
high risk.” In addition, individual hospitals and clinics
idenufy many more children with lcad toxicity. Al-
though a number of cases of lead toxicity are identified
through current lead-screening groups, the NHANES
II data presented here indicate that large numbers of
persons with elevated blood lead remain undetected,
especially among preschool black children from low-
income households.

The second high-risk population comprises workers

occupationally exposed to lead. Baker et al. reported
blood lead concentrations of 260 ug per deciliter
(22.90 umol per liter) among 67 per cent, 79 per cent,

and 83 per cent of employees at three plants.’® The
small number of aduit subjects (five) identified in the
NHANES [ with blood lead concentrations of 60 to
<70 ug per deciliter (22.90 1o <3.38 umol per liter)
only emphasizes the contrast between the general pop-
ulation and workers occupationally exposed to lead.

Estimatces of the prevaience of elevated blood lead

concentrations in the general population are useful
( information for a variety of health-assessment and
planning programs.

. Naronal Cemter for Health Statisucs. Plans and

RerFerences

Byers RK. Lord EE. Late effects of lead poisoning oa mental development.
Am J Dis Cluld. 1943: 66:471.94.

Lin-Fu IS. Undue sbsorpuon of lead among children — a new look sl an oid
problem. N Engl } Med. 1972; 286:702-10.

United States Surgeon General. Medical aspects of childhood lead poison-
ing. Pediatnics. 1971, 48.464-8.

Centers for Disease Control. increased lead absorption and lead poisomng n
young ctuidren. J Pediatr. 1975, 87:824-30.

Cemers for Disease Control. Preventng lead potsoning in young childrea.
} Pediats. 1978; 93:709-20.

Lin-Fu IS. Lead posoning in children: what price shall we pay? Child
Today. 1979; 8:9-13, 36.

Centers for Disease Cuntrol. Surveillance of childhood lead poisoning —
United Staies. Morbid Mortal Weekly Rep. 1981; 30:48-9.

of the second
Nationai Heaith and Nuthuion Examination Survey, 1976-1980. Wash-
wngron, D.C.. Natoasl Center for Hesith Staustics, 1981, (Vial and
health stausucs, Series 1. No. 15) (DHHS publcation 8o. (PHS)MI-
131N,

. Unsted States Buresu of the Census. 1970 user's guide. Part |. Washington,

D.C.: United Suates Government Printing Office. 1970:75-90.

Barthel WF. Sawek AL, Angel GP. et al. Madified Deives cup momic
absorption determunsuion of lead in blood. J Assoc Off Anal Chem. 1973;
56:1252-6.

. Mahaffey KR. Annes: JL.. Barbano HE, Murphy RS. Preliminary analysis of

blood lead concentrations for cluldren and sduits: HANES 11, 1976-1978. in:
Hemptull DD, ed. Trace substances in environmental heakh. Columbia,
Mo.: University of Missoun Press, 1979:37-51.

21.

G

24.

31
3.

33.

3s.

.

3.

. Gunier EW, Tumer WE. Neese W . et ul. Laboratory procedures used by the

Clinical Chemustry Division. Centers tor Disease Conuol, (ur the second
National Heaith and Nutnuon Examination Survey INHANES 1) Auanta:
Centers fos Disease Conwrol. 1981.

Woodruff RS. A sumpic method for approximanng the vanance of & compli-
caed estimate. J Am Suat Assoc. 197); 66:4114.

Grizzie JE. Starmer CF, Koch GG. Analysis of categoncal dawa by linear
models. Biometncs. 1969 25:489-504.

Landis JR. Stamsh WM. Freeman JL. Koch GG. A computer program for
the generalized chi-square analysis of categoncal daa using weighted least
squares (GENCAT). Compwt Prog Biomed. 1976; $ & 6:196-231.

Makuc D. Interfacing SURREGR and GENCAT 0 anatyze complex sur-
veys. Proc Am St Assoc. Statistical Compuung Secuon, 1981:16-9
Anaest JL. Mahaffey KR, Cux DH, Roberts J. Blood lead levels for persons
6 months-74 years of age: United States. 1976-80. Hyattsville, Md.: Pubiic
Health Service, 1982. (Advance dats from vita) and heaith staustcs. No.
79). (DHEW publication no. (PHS)82-1250).

. Cnsler JP, Lao NT. Tang LC. Serrano BA. Sheilds A. A mucro-sampling

method for the devermunaon of blood lead. Microchem §. 1973; 18.77-84.
Hunter JM. The summer disease: an integrative mode! of the seasonality
aspects of childhood lead potsoning. Soc Sci Med. 1977; 11.691-703.
Landngan PJ. Whitworth RH, Baloh RW. Barthel WF. Stachiing NW.
Rosenblum BF. Neuropsychologial dysfuncuon in chuldrea with chromc
low-level lesd absorption. Lancet. 1975: 1:708-13.
Landrigan PJ. Baker EL. Feidman RG. et al. Increased lead absorpuos with
anemua and slowed nerve conduction n chidren near a lead smeher. J
Pedistr. 1976, 89:904-10.
Hecker L, Allea HE, Du\m.nBD Neel JV. Heavy metal levels in accultur-
ated and {narated p Asch Environ Health. 1974; 29:181.5.
Piomeili S, Corash L, ConshMB et al. Blood lead concentravons 10 a
remote Himalayan population. Science. 1980; 210:1135-7.
Gibson JL. A plea for p d rulings and p d walls of rooms as the
source of lead p g g Qn land chuld Aust Med Gaz. 1904
23:149-53.
Gnriggs RC. Sunshune 1. Newiil VA, Newton BW, Buchanan S, Rasch CA.
Eavuonmental factors un childhood lead pousoaing. JAMA. 1964; 187:703-
7.
PﬂmlM Merkens MJ. Blaodludlevehmlmnlpopuumnlmn
tuidren. Pedi 1979; 64.540-2.
Bllhck IH, Culun AS Shier DR. Analysis of pedianc blood lead levels
in New York City for 1970-1976. Environ Heakh Perspect. 1979; 31:183-
90.
Cohen CJ. Bowers GN. Lepow ML. Epsdeawology of lead poisomng: a
companson between urban and rural cluldsren. JAMA. 1973; 226:14)0-3.
Simpson JM. Clark JL. Challop RS, McCabe EB. Elevated blood iead levels
in children: a 27 city nexghborhood survey. Pub Health Rep. 1972; 88:419-
2.
Hofrewter DH. Cawcort EJ, Keenan RG. Xintares C. The public heakh sig-
nificance of amosphenc icad. Arch Environ Health. 1961, 3.568-74.
Teppes LB, Levin LS. A survey of air and population lead levels ia selecied
Amencan communities. Environ Qual Safe. 1975; 2iSuppl: 152-96.
Zurio N. Griffini AM. Vigliam EC. The consest of lestd in blood and unne of
adults living 1n Milan, not"occupationally exposed w0 lead. Am ind Hyg
Assoc J. 1970: 31:92-5.
Sarwr F, Rondis D. Blood lead levels and age: a study in two maie whan
not occupationally exposed. Arch Environ Heakh. 1980;

33:110-6.

Needleman HL, Gunnoe C, Leviton A, et ai. Deficus in psychologic and
classroom performance of chikdren with elevatod dentine lead levels. N Engl
| Med. 1979 300:688-95.

Yule W, Lansdown R, Millar |B, Urbasowscz M-A. The relationshup be-
rween blood lead conceatration, intelligesce and ataament 10 8 school
populstron: a pilot snudy. Dev Med Chuld Newrol. 1981: 23:567-76.

. Piomells S. The effect of low-level icad exposure on heme metabolism. ln:

Nesdieman HL. ed. Low level lead exposure: the clinical implicaons of
cusrent resesrch. New York: Raven Press, 1980:67-74.

Rosea JF, Chesney RW, Hamsia A, Del.ucs HF, Mahaffey KR. Reducuon
in 1.23-dihydroxyviumia D ia cluldrea wih increased lead sbsorpuos. N
Engl J Med. 1980: 302:1128-31.

Mahaifey KR, Rosen IF, Chesney RW, Peeler T), Smith CM, Debuca HF.
Associstion betweea blood lead concentration and plasma 1 ,25-dihydroxy-
cholecalciferol levels in children. Am J Clin Nuer. 1982; 35:1327-31.
Baker EL, Landngan P}, Barbour AG. et al. Occupationsl lead poisomsng ia
the United States: clinical and biochemical findings reiated 10 biood lead
levais. Br ) Ind Med. 1979; 36:314-22.

©Copyright, 1982, by the Massachusetts Medical Society
Primed in the U.S.A.



SRATSD TN M e T IR ST AT T

7", NeuroToxicology 4 (3):189-192 (1983)

Copyright © 1983 by Intox Press, Inc.

<" Biokinetic Modelling for Mammalian Lead Metabolism

') T.J. KNEIP,R. P. MALLON AND N. H. HARLEY

New York University Medical Cemser, Instituse of Environmental Medicine,
330 First Avenue, New York, New York 10016

A biokinetic model of lead mestabolisa has been developed from
data obtained in controlled single dose and chronic lead expo-
sures of infant and juvenile baboons. The model is fitted to
blood and organ clearance data after single exposures, to dynamic
blood lead measurements at constant exposures, and to steady
state blood lead and organ lead concentrations. The resulting
model consists of a short tera gut and extracellular fluid com-
partment, blood, liver, kidney and bone compartments. Blood lead
18 accurately fitted for periods of rapid change and tissue lead
levels are well fitted for data from animals which were not used
to develop the model.

The model has been tested for prediction of human organ bur-
dens by comparison to a substantial body of autopsy data. The
fits are gatisfactory, but a respiratory compartment is desirable
to complete the model.

The model is based upon chronic lead ingestion experiments in
a total of sixty-six infant and juvenile baboons. Fourteen of
these cases were used to establish the response of blood lead
concentration to the chronic ingestion of lead acetate or lead
hydroxycarbonate (one case). Whole kidney and liver and blood
lead relationships were defined in 24 and 21 cases, respectively,
while thirty cases were used to establish the relationship be-
tween the factors of age, lead exposure and patterm of growth
with whole long bone lead concentration.

In addition, this work used data Trom related single exposure
experiments of 210pp §n the immature and adult baboon, as well as
appropriste human dats to derive a compartmental wmodel of lead
wetabolism in the infant and juvenile baboon.

The model is based on first order kinetics. That is, a con-
stant fraction of the substance is removed from the compartment
per unit time and the time required for the compartment to ini-
tislly attain a homogeneous distributfion of the substance is as-
sumed to be short relative to the biological transfer time out of
the compartment.
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A series of differential equations describes the 1input and
output for each organ. These individual organ transfer equations
are then assembled into the overall equation, describing the
blood lead concentration. This equation includes terms for daily
input, excretion and transfers to and from each organ.

A schematic for the expected compartmental model for lead is
given in Figure 1. The tissues shown contain over 90X of the to-
tal body burden of lead. The remainder 1is distributed at low
concentrations in other soft tissues which form a large fraction
of total body mass. Availabler data cannot support development of
a more detailed model. v

The expressions describing a single exposure may be readily
applied to multiple exposures by modification to include an input
term, P, which is the quantity per unit time going to the blood
from the environment. We assume that the general expression for
every compartuent is:

Q. a0 = % o-1 * 40 n/ae (1)
where: X = compartment X
n = day o

n-1 = day n~-l
Thus, for blood we would have:

Q,n = Q,o-1 + P+ 212102 + 23103 + 24504 - 112Q),5 @
= A13Q,0 = 214Q1,n = A{5Q1,n

8Q = Q1. = Q,a-1 =P +22)Q +23)Q3 +14)Q .
= A12Q1 0 = 2139 ,n " 214Q,0 T 2150

The excretion of lead in bile is accounted for. Reabsorption
of this lead 1f it occurs 1is accounted for in the net fractional
uptake of the daily intake to the gut.

The organ coatents and blood may then be readily evaluated
with a simple numerical calculation suitable for computer pro-
cessing. The routine calculates the incremental values, Q, for
a small time step for each organ, and then tallies the curreant
organ burden. In this way, the content of each organ is calcu-~
lated on a day-by-day basis (or for a time step commensurate with
the rate coefficients).

The model takes into account dynamic changes due to growth and
weight change during the experimental period so that organ con-
centration can be determined. The body weight of each animal was
measured at the beginning of the test period and then once every
two weeks during the period of study. The intenqL?f the model 1is




